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Macrocycle planarityifying the C-173 propionate, and Mg2+ ion chelated in the central cavity, are
conservative structural constituents of chlorophylls. To evaluate their intramolecular structural effects we
prepared a series of metal- and phytyl-free derivatives of bacteriochlorophyll a and applied them as model
chlorophylls. A detailed spectroscopic study on the model pigments reveals meaningful differences in the
spectral characteristics of the phytylated and non-phytylated pigments. Their analysis in terms of
solvatochromism and axial coordination shows how the central Mg and phytyl residue shape the properties
of the pigment. Surprisingly, the presence/absence of the central Mg has no effect on the solvatochromism of
(bacterio)chlorophyll π-electron system and the hydrophobicity of phytyl does not interfere with the ﬁrst
solvation shell of the chromophore. However, both residues signiﬁcantly inﬂuence the conformation of the
pigment macrocycle and the removal of either residue increases the macrocycle ﬂexibility. The chelation of
Mg has a ﬂattening effect on the macrocycle whereas bulky phytyl residue seems to control the conformation
of the chromophore via steric interactions with ring V and its substituents. The analysis of spectroscopic
properties of bacteriochlorophyllide (free acid) shows that esteriﬁcation of the C-173 propionate is necessary
in chlorophylls because the carboxyl group may act as a strong chelator of the central Mg. These observations
imply that the truncated chlorophylls used in theoretical studies are not adequate as models of native
chromophores, especially when ﬁne effects are to be modeled.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Chlorophylls (Chls), including bacteriochlorophylls (BChls), are
essential functional and structural cofactors in all photosynthetic
pigment-proteins involved in oxygenic and anoxygenic photosynth-
esis (Fig.1). Due to their vital involvement in photosynthesis, for over a
century they have attracted great interest in numerous research
laboratories worldwide [1–4]. The uniqueness of these pigments
stems from the properties of the extensive π-electron system of the
porphyrinic chromophore, which chelates the Mg2+ ion in the center
and is covalently linked to the hydrophobic residue of an isoprenoid
alcohol, in most cases a C20 phytol [4]. Perhaps the most amazing
feature of Chls is their versatility, i.e. the fact that a single chemical
entity is able to perform several diverse functions in the photosyn-
thetic apparatus. Chls actively participate in photon capturing and
excitation energy transfer and storage in the antennae, whereas in the
reaction centers in the primary charge separation and electron
transfer. This functional versatility of Chls as photosynthetic cofactors
is feasible because their π-electron system and its manifestations, i.e.
electronic absorption and redox potential, undergo severe modulation8 12 6646902.
l rights reserved.upon binding to apoproteins. In effect, the characteristics of isolated
free Chls differ substantially from those found in their natural
environment [5–10] and in fact the mechanisms of this modulation
are not completely understood. Therefore, a more comprehensive
view of apoprotein control over the chromophores is necessary in
order to identify all key determinants of the relevant Chl properties.
Conformational modulation is among the most important factors
involved in the tuning of Chl properties [10–14]. However, the details
of Chl structure and conformation have been derived either from
crystallographic studies on (B)Chl derivatives devoid of phytyl or on
the protein-bound pigments [15–21]. They concern, therefore,
chromophores that are far from their relaxed states. Moreover, two
things emerge from the crystal structures of photosynthetic com-
plexes. Firstly, Chl molecules are able to make many contacts with
apoproteins. Secondly, protein-bound chromophores adopt a wealth
of geometries, which means that speciﬁc photosynthetic activities of
Chls are not circumscribed by unique conformational forms [13]. This
lack of a high resolution structure of intact chlorophylls in a relaxed
form is one of the major obstacles to achieving full understanding of
the functioning of photosynthetic machinery.
The central Mg2+ ion and phytyl are very conservative constituents
of Chls. This poses a question of the molecular basis for the
evolutionary selection of the Mg2+ ion as the occupant of the central
Fig. 1. Structural formulae of chlorophyll a and bacteriochlorophyll a, major
photosynthetic pigments of higher plants and purple photosynthetic bacteria,
respectively. Also the structure of phytol is shown, a long chain isoprenoid alcohol in
most chlorophylls esterifying the 173 propionic side chain.
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the tetrapyrrolic macrocycle. This sparks the further question of how
exactly these residues shape pigment properties. The above questions
are very relevant because steric factors play a role in virtually all
intermolecular interactions which involve Chls. Steric and stereo-
chemical control are crucial for aggregation [22,23], in axial ligand
binding to the centralmetal [24] and in the functioningof photosystem
I reactions center [19], and even in interactions with enzymes of the
Chl biosynthesis/biodegradation pathway [25]. A coordinatively
unsaturated Mg ion chelated by a tetrapyrrole acts as the coordination
center and, being a closed shell element, does not electronically
perturb the pigment π-electron system [26,27]. Also, this element is
light enough not to cause heavy atom effects in the Chl molecule
[28,29]. The coordination of nucleophilic amino acid residues (in most
cases His) to the central Mg serves to bind Chls to proteins, where
pentacoordination (single axial ligand) is most common, while
hexacoordination may also occur [30]. The phytyl residue, esterifying
the C-173 propionic acid side chain (Fig. 1), comprises as much as one
third of the molecule in terms of molecular mass [4]. Its presence
confers a considerable hydrophobicity to Chls, enhancing their
lipophilic character and rendering them practically water-insoluble.
In consequence, this residue enhances their aggregative properties and
their ability to interact with hydrophobic environment [23,31], serving
to position these cofactors within the hydrophobic domains of
photosynthetic ensembles [17–20,32]. Regarding the inﬂuence of
phytyl moiety on the π-electron system of Chls, it is commonly
accepted that phytol is neutral and spectroscopically silent. This view is
shared in textbooks and other sources, often showing the formulae of
Chls with phytyl residue abbreviated to R. However, considering the
sheer bulk of the phytyl C20 chain, it could interfere e.g. with the
formation of coordination bonds between Chls and macroligands, i.e.
their apoproteins. Indeed, our recent studyhas shown that the removal
of phytyl residue is not without signiﬁcance to the coordinative and
spectroscopic properties of Chl a, which indicates the importance of
intramolecular steric role of this residue [31].
Bacteriochlorophyll a (BChl a), which has strong and well
separated absorption transitions whose energies show exceptional
sensitivity to external factors, has proved a very useful reporter
molecule [24,27,33]. To gain a better insight into the intramolecular
structural factors that involve the phytyl moiety and the central Mgion, we prepared a series of bacteriochlorophyll a and bacteriopheo-
phytin a (free base, BPhe a) derivatives, in which phytyl was either
removed or substituted for the methyl group, and their ground and
excited state properties were compared. Very recently, van der Waals
interactions have been suggested to play an important role in the
modulation of the electronic properties of Chls [34]. Therefore, a
detailed analysis of solvent effects on model pigments has also been
done. Our study shows that both Mg and phytyl sterically inﬂuence
the properties of the macrocycle and have to be considered as
important structural determinants of Chls.
2. Materials and methods
2.1. Pigment preparation
BChl awas extracted from the wet cells of Rhodobacter sphaeroides
using methanol and puriﬁed by column chromatography on DEAE-
Sepharose (Sigma, Germany) following a previously describedmethod
[35]. The R and S diastereoisomers of BChl a were separated by HPLC
on a semi-preparative silica gel column (Varian) according to a
published procedure [25]. For the measurements, only the R form of
BChl a was used.
Bacteriochlorophyllide a (BChlide a) was obtained by an enzymatic
hydrolysis of BChl a using the plant enzyme, chlorophyllase, extracted
from the leaves of Fraxinus excelsior, following a previously described
procedure [25,31]. The pigment was puriﬁed twice by column
chromatography on CM-Sepharose (Pharmacia, Sweden) as described
previously [25]. The method yields pure R form of the pigment, as
conﬁrmed by NMR spectroscopy [25].
Free bases. Bacteriopheophytin a (BPhe a) was prepared from pure
BChl a by a short treatment with a small volume of double distilled
glacial acetic acid at room temperature, following a previously
described method with some modiﬁcations [25]. The acid was
removed in a stream of nitrogen, the solid residue was dried
thoroughly under vacuum and then the product was quickly puriﬁed
on a short column packed with DEAE-Sepharose equilibrated in
acetone. Bacteriopheophorbide a (BPheide a) was prepared from pure
BChlide a by a short treatment with glacial acetic acid and the product
was puriﬁed on CM-Sepharose as above. In both cases, the product
showed no detectable level of contamination or degradation.
Methyl esters. Methyl ester of BChlide a (Met-BChl a) was
puriﬁed by preparative TLC on silica gel and was a kind gift from
Prof. Hugo Scheer (LMU München, Germany). Methyl ester of
BPheide a (Met-BPheide a) was prepared by the transesteriﬁcation
of BPhe a in a mixture of methanol and sulfuric acid. The acid was
neutralized with solid sodium carbonate and the pigments were
extracted using diethyl ether. The product was isolated by column
chromatography on DEAE-Sepharose equilibrated in acetone and
then puriﬁed by isocratic HPLC on reversed-phase silica gel (Varian)
using methanol as the eluent. Pure Met-BPheide a had a retention
time of 17 min.
Because of the high (photo)chemical instability of pigments, all
preparative steps were done as quickly as possible and under dim
light. Only freshly prepared pigments were used in the experiments
and all batches and samples showing any sign of allomerization or
oxidation, as checked by TLC and by electronic absorption measure-
ments, were discarded.
2.2. Solvents and reagents
The following solvents were of spectroscopic grade: pyridine (Pyr),
dimethylsulfoxide, chloroform, dimethylformamide (DMF), 1-butanol
(Merck, Uvasol, Germany). Dichloromethane, tetrahydrofuran (THF),
2-propanol, diethyl ether (DE), acetonitrile, methanol, toluene, n-
hexane were of HPLC grade (LabScan, Ireland). Triethylamine, acetone
(Merck, Germany), ethanol (Roth, Germany) and glacial acetic acid
Fig. 2. (A) Absorption spectra of bacteriochlorophyll a (solid line) and bacteriochlor-
ophyllide a (dotted line) in neat dimethylformamide, and (B) 14 μM bacteriochlorophyll
a in neat dimethylformamide (solid line) and in dimethylformamide containing 1 mM
sodium acetate (dashed line). The inserts show the enlargements of the QX regions of
the spectra.
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was of analytical grade (Merck, Germany).
Glacial acetic acid, prior to use, was distilled twice in the presence
of solid KMnO4. Tetrahydrofuran was redistilled from above solid
NaOH. Immediately before the measurements, tetrahydrofuran and
chloroform were past over activated alumina (ICN grade I, Germany).
2.3. Spectroscopic measurements and data analysis
Electronic absorption. Absorption spectra were recorded on a Cary
400 spectrophotometer (Varian, USA) in 1 cm pathlength quartz
cuvettes. The spectra were measured in a range from 300 to 850 nm
with a 0.25 nm increment. Each spectrum was recorded in three
repetitions and for analysis their mean was taken. The measurements
were done at room temperature and, to assure amonomeric state of the
pigments, their concentrations were kept between 1 and 3×10−6 M.
Time-resolved ﬂuorescence. The ﬂuorescence lifetime measure-
ments were performed using a K-2 multifrequency cross-correlation
phase and modulation ﬂuorometer (ISS Instruments, USA) as
described by Myśliwa-Kurdziel et al. [36]. Two parameters of emitted
ﬂuorescence were measured: the phase shift and demodulation ratio
with reference to the scattering of glycogen suspension in water. The
average random errors in the experimental data (ﬂuorescence
lifetimes) were evaluated automatically by the program used for
data analysis. A multiexponential model of ﬂuorescence decay [37,38]
was applied to the analysis, following a method previously described
[36]. The measurements were done at room temperature; the
concentrations of the pigments were kept at 2×10−6 M.
High pressure measurements. The effects of hydrostatic pressure
on the absorption spectra of BChl aweremeasured in the range from 1
to 2000 bar on a custom-built high pressure probe, equipped with a
Grant LTD6G thermostat, according to a previously described method
[39]. The absorption spectra were measured on a Shimadzu 2101PC
spectrophotometer. The concentration of the pigment was 5×10−6 M.
2.4. Spectral deconvolution
Adeconvolution of the QX band envelope, performed according to a
previously described procedure [24,30], was carried out in order to
estimate the contributions of penta- and hexa-coordinated forms of
the pigments. The wavelength scale in the absorption spectra was
converted to the linear energetic scale (cm−1) and the spectra were
analyzed using version 4.0 of PeakFit software (Jandel, USA). The
deconvolutionwas performed without any smoothing, ﬁltering or any
other data pre-treatment. During the analyses in all cases the same
criteria were applied: (1) a uniform type of Gaussian-Lorentzian
function for all the components that were used (2) the number of
envelope components was kept to a minimum, (3) the energies of the
0–1 and 0–2 vibrational sidebands of the QX transition were placed
1000–1200 cm−1 higher than their origin; only solutions resulting in
sidebands of intensities near 20–30% of origin intensitywere accepted,
(4) prior to deconvolution, a background subtractionwas done, always
using a similar ﬂat quadratic curve, centered near 17,000 cm−1.
3. Results
3.1. Axial coordination
As shown in Fig. 2A, the absorption spectra of BChl a and BChlide a
in DMFare not identical, especially in theQX region. TheQX envelope of
BChl a (inset in Fig. 2A) comprises at least two components, located
near 580 and 610 nm, reﬂecting a state of equilibrium between the
penta- and hexacoordinated forms of the pigment [24,40]. Under the
same conditions, the QX band of BChlide a is narrower, seemingly
because the lower energy component is much weaker, indicating a
shift towards the monoligation of the pigment. To conﬁrm thisobservation, several approaches were adopted. First, in order to
check whether the side propionate in BChlide a is involved in the
coordinationof the centralMg, the effects of acetate (i.e. free carboxylic
group) on the coordination of BChl a under normal and high
hydrostatic pressure were analyzed. The effect of acetate on the
absorption spectrum of BChl a (5×10−6 M) in DMF under atmospheric
pressure is shown in Fig. 2B. An almost complete disappearance of the
lower energy component, which is observed upon the addition of
sodium acetate (1×10−3 M), indicates a shift of the coordination
equilibrium towards the monoligated form of BChl a [40]. Fig. 3 shows
the effects of high hydrostatic pressure on the spectrum of 5×10−6 M
BChl a in the same solvent system. In the absence of acetate, due to the
increase in pressure (from 1 to 2000 bar) the interactions of the
pigment with axial ligands are enhanced, leading to a considerable
shift from pentacoordination to hexacoordination, as indicated by the
increase of the lower energy component of the QX band. In the
presence of 1×10−3 M acetate, the increase in pressure has almost not
effect on the coordination state of the pigment.
Second, the coordinative properties of BChl a and BChlide a were
compared to those of Met-BChl a in several coordinating solvents. The
coordination equilibria of all three pigments were estimated via the
analysis of the envelopes of the QX band, following a previously
described deconvolution approach [24,30]. The results of the QX band
Fig. 3. The effects of high hydrostatic pressure on the coordination state of 0.15 μM
bacteriochlorophyll a in neat dimethylformamide (left) and in the presence of 1 mM
sodium acetate (right). Also the positions of the QX transitions corresponding to the
penta- and hexacoordination of the central Mg ion in bacteriochlorophyll a are shown.
The arrows indicate the direction of changes accompanying the increase in pressure.
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in Table 1. As an example, the deconvolution of the QX band of BChl a
and BChlide a in pyridine, 2-propanol and DMF is shown in the
supplementary data.
In pyridine, one of the strongest coordinating solvents, the QX band
of all three pigments has a very similar envelope (=the same
coordination equilibrium, strongly shifted towards hexacoordination,
Table 1). Also in weakly coordinating solvents, acetone, diethyl ether
and acetonitrile, there are practically no differences between the
(penta)coordination of the central Mg ion in BChl a, BChlide a and
Met-BChlide a as the QX band can be ﬁtted with a single component
centered 17,200 cm−1 (∼580 nm) [24,40]. The only difference, with
respect to its position in BChl a and Met-BChl a, concerns a 2–4 nm
(44–119 cm−1) red shift of the main QX component in BChlide a (see
the supplementary data). However, in solvents of moderate coordi-
nating strength the analyses of the QX envelopes revealed signiﬁcant
differences between the pigments in their ability to bind axial ligands.
In primary alcohols, DMF and THF, the hexacoordinated state of BChl a
(the component near 16,400 cm−1, ∼610 nm) is always more
populated than that of the hexacoordinated BChlide a and Met-BChl
a. These differences in coordination are strongly pronounced in 2-
propanol and DMF, in which the share of hexacoordinated BChl a is
twice as large as that of hexacoordinated BChlide a (Table 1).
3.2. Solvation
Solvation effects on BChl a and its derivatives were investigated by
analyzing the shifts in energy of their QY and QX absorptionTable 1
Comparison of the coordination equilibria of bacteriochlorophyll a, bacteriochlorophyllide
a and its methyl ester in organic solvents at room temperature
Solvent Share of coordination form [%]
BChl a BChlide a Met-BChl a
Hexa Penta Hexa Penta Hexa Penta
Pyridine 83 17 84 16 83 17
DMF 37 63 16 84 25 75
THF 72 38 58 42 55 45
1-Butanol 68 32 54 46 – –
1-Propanol 66 34 46 54 51 49
2-Propanol 23 77 11 89 21 79
Ethanol 67 33 53 47 – –
Acetone 0 100 0 100 0 100
Diethyl ether 2 98 0 100 0 100
Acetonitrile 0 100 0 100 0 100
Methanol 84 16 60 40 85 15
The contributions of the coordination forms of the pigments were estimated on the
basis of spectral deconvolution in the QX band region (see the supplementary data),
according to a previously published method [24,30].transitions, which occur in response to the properties of the solvents.
The energies of the two absorption maxima were determined in a
series of 18 organic solvents and their values are listed in Table S1 in
the supplementary data. The energies of the QY transitions of BChl a
and BPhe a agree very well with the ones determined earlier in the
same solvents [27,40–42]. Attempts to directly correlate the transition
energies with the macroscopic parameters of the solvents, such as n
and ɛ, were rather inconclusive, owing to the large scatter of the data.
More conclusive was the application of the solvent polarity function R
(n2), based onOnsager's concept of reaction ﬁeld and deﬁned as R(n2)=
(n2−1)/(n2+2) [43,44]. This function has previously been found useful
in the analysis of solvent effects on the spectral characteristics of BChl
a, Chl a and protochlorophyllide a [31,41,45]. A general trend seen in
the plots of the band energies as a function of the R(n2) parameter
(Fig. 4) is a decrease in the band energies of all pigments as solvent
polarity increases. However, the experimental points are grouped in
two sets, indicating that two types of solvent effects occur, in
agreement with a previous study [41]. The points which correspond
to the aprotic solvents form one straight line, while those recorded in
aliphatic primary alcohols (methanol, ethanol, 1-propanol and
1-butanol), regarded as H-bond donors of medium strength, form a
separate line.
In the aprotic set, the QX band of BChl a and BChlide a shows a
higher sensitivity to solvent polarity than the one in BPhe a and
BPheide a (Fig. 4). Inversely, the same band in BChl a and BChlide a is
not at all affected by alcohols, whereas in BPhe a and BPheide a it
responds strongly to R(n2). In the latter pigment, the effect of alcohol
polarity is stronger than in BPhe a, as reﬂected in the greater steepness
of the respective linear ﬁt. The QY transition of all four pigments in
aprotic solvents shows a similarly weak sensitivity to the R(n2)
parameter. In alcohols two different effects can be seen: the transition
energy of the metal-depleted pigments weakly depends on solventFig. 4. Dependence of the QX and QYenergies of bacteriochlorophyll a and its metal- and
phytol-free derivatives on the Onsager solvent polarity function. The numbers indicate
the slopes of respective linear ﬁts to the experimental points and the error (SD) of their
estimation; the value shown above the experimental data refers to the aprotic solvents
and the one shown underneath the data refers to alcohols. The closed circles refer to
aprotic solvents and the open ones to alcohols.
Fig. 5. Correlation between the energies of the QX and BY levels in bacteriochlorophyll a
and its derivatives, determined in a series of organic solvents. The slopes of the
respective linear ﬁts and the errors (SD) are also indicated.
Table 3
First singlet excited state lifetimes of bacteriochlorophyll a and its derivatives in organic
solvents
Solvent S1 emission lifetime [ns]
BPhe a BPheide a BChl a BChlide a Met-BChl a
Pyridine 2.84±0.18 2.88±0.22 3.71±0.20 3.68±0.26 3.79±0.09
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BChlide a, clearly show a stronger sensitivity (steeper linear ﬁts).
To check whether the side propionate group in BPheide a affects
interactionswith H-bond donors, the energies of electronic transitions
of methyl ester of the free base in a series of primary alcohols were
also determined (see the supplementary data). The slopes obtained for
the dependence of the QX and QY transitions on R(n2) were estimated
to be equal −3290±630 and −2020±595, respectively. The value
obtained for the QX transition, close to the one found for BPheide a
(Fig. 4), indicates that, at least in this case, the increased sensitivity to
alcohol polarity cannot be related to the presence of the peripheral
propionate.
3.3. Correlation of transition energies
Energies of the Q and B levels were determined for BChl a, BChlide
a, BPhe a, BPheide a and Met-BPheide a in 16 organic solvents,
excluding n-hexane and toluene, both solvents known to cause
aggregation. Fig. 5 shows, as an example, the correlations between the
QX and BY energies in BChl a, BChlide a, BPhe a and BPheide a. The
plots for BChl a and BChlide a are S-shaped, obviously reﬂecting a
strong dependence of the QX energy on the axial coordination in Mg
complexes (penta-versus hexacoordinated state). For this reason, the
QX band seems not useful in the analysis of solvent effects on BChl a
and other Mg complexes (see below). The correlation between the QX
and BY energies for BPhe a and BPheide a (Fig. 5) and other Q-B
correlation plots are linear (not shown), indicating a linear depen-
dence of these energy levels on solvation. The slopes obtained from
the linear ﬁts to the experimental data are listed in Table 2. In general,
QX energies are more strongly correlated with B levels (steeper lines)Table 2
Correlation factors of the Q and B energy levels estimated from the slopes of linear ﬁts to
experimentally determined energies of the absorption transitions of bacteriochlorophyll
a and its derivatives in 16 organic solvents
BPhe a BPheide a Met-BPheide a BChl a⁎ BChlide a⁎
QY vs BX 0.32±0.08 0.34±0.08 0.48±0.08 – –
QX vs BX 0.68±0.09 0.59±0.11 0.62±0.16 – –
QY vs BY 0.33±0.05 0.35±0.06 0.44±0.04 0.14±0.03 0.19±0.04
QX vs BY 0.52±0.09 0.60±0.11 0.61±0.10 – –
⁎ The energies of the BX transitions could not be determined.than are the QY energies, and all values of the correlation factors
(slopes) are below unity, showing that higher energetic levels are
more sensitive to solvation effects. Interestingly, the correlations of
band energies in the phytylated pigments and their non-phytylated
analogues are not the same. This implies that the (spectral) response
of the BChl/BPhe chromophore to solvation is inﬂuenced by the
presence of phytyl.
3.4. Excited state lifetimes
The lifetimes (τﬂ) of the ﬂuorescence of BChl a, BChlide a, Met-
BChl a, BPhe a and BPheide a in organic solvents were measured using
phase modulation ﬂuorometry, described in previous reports [31,36].
The conditions of the measurements (pigment concentration and type
of solvent) were such as to assure a monomeric state of the
ﬂuorophores. The τﬂ values, determined for the series of model
pigments are listed in Table 3. All ﬂuorescence decay kinetics were of
ﬁrst order. The τﬂ values of the Mg complexes (2.6−3.9 ns) are on
average signiﬁcantly longer than those of their Mg-depleted counter-
parts (2.5−2.9 ns); such ranges of ﬂuorescence lifetimes agree well
with those estimated previously [46–48]. The narrow range of the τﬂ
values found for the free bases indicates the very small sensitivity of
their ﬁrst excited state lifetime to solvation effects and solvent indices,
n, ɛ and R(n2). This is in contrast to the Mg complexes, which show a
large variation in τﬂ values in the series of solvents used, but there is
no clear correlation of τﬂ with solvent indices and solvent polarity
function (not shown). A comparison of phytylated and non-phytylated
pigments shows that the ﬂuorescence lifetimes of BPhe a and BPheide
a do not differ signiﬁcantly. Also the ﬂuorescence lifetimes of all three
Mg complexes in Pyr, THF and 1,4-dioxane are practically identical.
However, in the remaining solvents, the τﬂ values of BChlide a and
Met-BChl a are consistently shorter by 0.1–0.3 ns than those of BChl a
(Table 3).
4. Discussion
4.1. Axial coordination and the effect of C-173 propionate
We have previously shown that the axial coordination of ligands to
BChl a undergoes steric control [24] and hence it cannot quite be a
surprise to see that BChl a and its truncated derivatives also differ
with respect to their interactions with ligands. The phytyl moiety has
not only a large degree of rotational freedom but it is long enough to
bend over the macrocycle [49,50]. A recent scanning tunneling
microscope study on single Chl a molecules visualized that phytyl
comprises three distinct “triangular” units and easily bends viaToluene 2.75±0.13 2.70±0.12 3.33±0.25 3.03±0.10 3.00±0.12
CHCl3 2.62±0.30 2.52±0.12 2.89±0.15 2.68±0.15 2.78±0.07
DMF 2.79±0.10 2.85±0.16 3.43±0.27 3.29±0.14 3.38±0.08
CH2Cl2 2.53±0.10 2.58±0.13 3.01±0.15 2.91±0.11 2.88±0.10
1,4-dioxane 2.74±0.08 2.87±0.20 3.87±0.27 3.85±0.25 4.13±0.33
THF 2.73±0.15 2.81±0.20 3.78±0.19 3.76±0.26 3.87±0.14
1-butanol 2.55±0.07 2.64±0.15 2.95±0.21 2.80±0.17 2.86±0.09
2-propanol 2.63±0.12 2.62±0.14 3.00±0.23 2.82±0.18 2.77±0.09
Ethanol 2.53±0.09 2.57±0.11 2.84±0.18 2.82±0.10 2.90±0.21
Acetone 2.85±0.10 2.89±0.15 3.31±0.19 3.25±0.14 3.45±0.14
Diethyl ether 2.93±0.19 2.95±0.22 3.49±0.22 3.10±0.13 3.42±0.09
Acetonitrile 2.90±0.18 2.90±0.14 3.48±0.25 3.16±0.16 3.30±0.09
Methanol 2.45±0.08 2.47±0.10 2.63±0.20 2.85±0.19 2.42±0.07
The values of experimental error (SD) are also indicated.
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expect the existence of a certain steric crowding near the ring core due
to this bulky residue, posing a hindrance, e.g. to the approaching
ligands in solutions at ambient temperatures. Consequently, the
probability of binding two axial ligands to the central Mg should be
enhanced in truncated molecules. Surprisingly, however, the analysis
of the coordination equilibria shows quite opposite effects, i.e. that
hexacoordination is signiﬁcantly more readily assumed in BChl a than
in sterically less hindered BChlide a and Met-BChl a. The tendency for
pentacoordination in the case of the carboxylic acid BChlide a can be
accounted for by considering the effects of acetate on BChl a. From the
spectral shifts in the QX region it follows that acetate is a powerful
chelator of the central Mg ion, able to substitute DMFmolecules at the
axial position. The application of high pressure enabled the control of
the BChl coordination equilibrium, without the use of external agents
other than acetate. The high pressure experiments clearly show that
free acetate stabilizes the pigment in the monoligated state, pointing
to chelation of the central Mg by acetate rather than ligation because
the carbonyl group alone cannot act as such a strong ligand (wide an
easy axial ligand substitution in acetone). Acetate is also able to
competewith other strong ligands, such as Pyr and imidazole, and due
to chelation it accelerates the transmetalation reactions of Chls [52].
Accordingly, the propensity of BChlide a towards pentacoordination
would be due to an intramolecular chelation of the central Mg
by the C-173 propionate, which seemingly at least partly undergoes
deprotonation, as in this state the two oxygens of the carboxyl group
become equivalent, enabling chelation. On the other hand, inter-
molecular chelation is very unlikely to occur because the coordina-
tion equilibria of BChlide a show no concentration dependence over a
wide range of concentrations (from 3×10−7 M up to 1×10−5 M, not
shown). The out of plane position of the central Mg ion stabilized via
intramolecular chelation would also explain other discrepancies in
the spectral properties of BChlide a and BChl a (see below). However,
the spectral and coordinative properties of Met-BChl a fall between
those of BChl a and BChlide a, in spite of the fact that in this molecule
the possibility of chelation by the side chain carboxyl is excluded.
This implies that the size of the residue esterifying the C-173
propionate is relevant, to some extent at least, to the coordinative
properties of the pigment, most probably due to steric factors (see
below).
4.2. Solvation effects
A recent study showed that photosynthetic proteins gain control
over the energy and electron-transfer processes via (formally) van der
Waals interactions between the cofactors and polar amino acid
residues [34]. In particular, in photosynthetic reaction centers these
intermolecular interactions seem to contribute signiﬁcantly to tuning
the reorganization energy associated with primary charge separation
[53]. Hence, it is crucial to understand what controls the interactions
of Chls with their ﬁrst solvation shell. Solvation effects are more
strongly pronounced in the electronic absorption of BChl a than in
those of Chl a [31] but again it is difﬁcult to ﬁnd a straightforward
relationship between the spectral shifts and the bulk properties of the
solvents. As in Chl a, the shifts in transition energies of BChl a
correlate reasonably well with the Onsager polarity function R(n2).
This reﬂects the fact that the dynamic polarizability and the Bayliss
general red shift [44], each depending on the R(n2) term, provide the
largest contributions to (B)Chl solvatochromism [54]. This is also
consistent with the additivity of different solvent effects on energy
levels in (B)Chls, which allows a separation of the effects of non-
speciﬁc solvation (in aprotic solvents) from those related to H-bonding
[54]. Thus, provided H-bond effects are excluded, the scaling of the QY
energy with the R(n2) term is almost identical in BChl a, BChlide a,
BPhe a and BPheide a. Firstly, the absence/presence of phytyl residue
has no effect on the behavior of the pigment as a solute. Thus, neither ahighly hydrophobic residue nor a polar carboxylic group, each located
in the vicinity of the tetrapyrrole, inﬂuence non-speciﬁc interactions
of the chromophore with an organic milieu. This is true even in media
of considerable hydrophobicity, such as toluene, chloroform or
dichloromethane, and remains in line with the observations made
for Chl a and its truncated derivatives [31]. This implies that the
hydrophobicity of phytyl does not interfere with the ﬁrst solvation
shell of the chromophore. Secondly, the presence/absence of the
central Mg also has no effect on the solvatochromism of the (B)Chl π-
electron system, in contrast to what is sometimes assumed [40,41,46].
Furthermore, the high sensitivity of the QX energy of the Mg
complexes to R(n2) is more apparent than real (Fig. 4); it is rather
reﬂecting a gradual shift toward hexacoordination. The actual low
sensitivity of the QX transition to solvent polarity is conﬁrmed by the
invariability of the QX energy of BChl a and BChlide a in the series of
alcohols, which indicates that indeed this energy level is determined
mainly by axial coordination. Therefore, any analysis of solvent effects
on the QX transition in BChl amay be unreliable, even in solvents that
formally are not ligating, e.g. hydrocarbons and halogenated hydro-
carbons, in which the central Mg remains pentacoordinated, probably
by nucleophilic trace impurities. However, in the absence of central
Mg the QX transition shows its “inherent” weak sensitivity to solvent
polarity as inferred from the plots drawn for the free bases, provided
the effects of H-bonding are excluded.
4.3. Effects of alcohols
The sensitivity of the QY transition of BChl a to H-bond donors
stems from the presence of the C-32 and C-131 carbonyls which may
act as acceptors of hydrogen bonds [9,46,55,56]. However, aliphatic
alcohols are too weak as H-bond donors to (B)Chls [40,54] to cause
signiﬁcant shifts in the energy of the QY transition in BChl a and
BChlide a, observed in the present study. Moreover, their effects, i.e. a
red shift with an increase of the R(n2) value, are in fact opposite to the
ones usually attributed to H-bonding [11,40,54]. This strong inﬂuence
of alcohols can be related rather to the coordination state of the
chromophore, in agreement with the fact that the Mg complexes are
affected more than the free bases, and that the effects are enhanced
upon the removal of phytyl. These observations can be explained
within a simple four orbital model, assuming that the QY level is
determined by the energetic gap between the a1u (HOMO) and egx
(LUMO)molecular orbitals. The energy of the latter is in turn related to
the coordination state of the central occupant because some of its
electron density is also localized on two of the pyrrole nitrogens. In
the hexacoordinated state, a strong interaction with the in-plane
central metal ion raises its energy (blue shift) while a red shift of the
QY transition occurs when pentacoordination predominates as the
out-of-plane position of the central metal brings the egx closer to the
a1u level [40,57]. This is exactly the trend which is observed along the
series of aliphatic alcohols: the weaker the ligand the more red shifted
is the position of the QY transition. Thus, in methanol, which is both
hexacoordinating and the strongest H-bond donor, the QY energy is
the highest (see Supplementary Data). In longer aliphatic alcohols,
whose ligation power is lower, as conﬁrmed by our analysis of the
coordination equilibria (Table 1), the QY energy is gradually reduced.
Furthermore, the red shift in longer chain alcohols is even more
strongly pronounced in BChlide a, perfectly in line with its preference
for pentacoordination due to the chelating effect of the side carboxyl.
Alternatively, the ampliﬁcation of the effects of alcohols on BChlide a
could be due to an increase in chromophore (solute) polarizability
[58], caused by H-bonding to the C-173 propionate. Interestingly, the
presence of this highly polar (ionizable) side function does not affect
chromophore interactions with aprotic solvents. Moreover, quite
different factors seem to govern the behavior of the QX transition,
which in the Mg complexes shows virtually no sensitivity to alcohol
polarity, and this sensitivity appears only after the removal of the
Fig. 6. Dependence of the ﬁrst excited state lifetime of bacteriochlorophyll a and its
metal-free and phytol-free derivatives on solvents (see the text for details).
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of phytyl, both in BPheide a and Met-BPheide a. In this case though, it
cannot be explained as an increase in solute polarizability along the X
molecular axis due to H-bonding to the side carboxyl. More likely,
phytyl residue sterically inﬂuences the interactions of core nitrogens
with H-bond donors. Apparently, the steric strain which exists
between the isocyclic ring V and this bulky residue [59,60] is released
in the truncated derivatives, resulting in a slight deformation (e.g.
rufﬂing) of the macrocycle and a larger exposure of the core nitrogens
(see below).
4.4. Conformational effects
4.4.1. Conﬁguration interaction
The magnitude of conﬁguration interaction, which is an integral
part of the four orbital model, is strictly related to molecular
symmetry [61]. Therefore, the correlation between the 0–0 energies
of the Q and B transitions may provide valuable information about
molecular distortions and other effects induced, for instance, by
chemical modiﬁcations [62]. We took advantage of the particularly
well resolved electronic transitions in BChl a and its derivatives which
facilitated, especially in free bases, a determination of the exact
energies of their principal transitions: QY, QX, BX and BY. Our approach
was to compare in each model pigment correlations between band
energies in a series of solvents. The introduction of Mg ion into the
BChl a macrocycle causes a major change in the correlations of band
energies, which could be explained by a shift of electron density
towards the electronegative metallic center. Obviously, this affects
mainly thosemolecular orbitals with high electron density on the core
nitrogens; this in turn leads to a change in the degree of conﬁguration
interaction in the molecule. Intriguingly, however, the degree of
conﬁguration interaction is also affected by the presence/absence of
phytyl (in free bases as well as Mg complexes) as indicated by the
discrepancy between the correlation plots of BPhe a and BPheide a
(Fig. 5). This change cannot be due to the free carboxyl group (charge,
H-bonding?) in BPheide a because a similar effect is observed for its
methyl ester. Furthermore, neither can the hydrophobicity of the
phytyl residue be the reason because, as argued above, its presence/
absence has no effect on the properties of the chromophore as a
solute. The phytyl-related change in the degree of conﬁguration
interaction seem to have a steric origin. This is consistent with the
inﬂuence of phytyl on the coordinative properties of BChl a (see
above) and with the shifts in the properties of the excited singlet state
of the model compounds discussed below.
4.4.2. Excited singlet state lifetimes
To facilitate a better comparison of solvent effects on the pigment
excited state, the ﬂuorescence lifetimes of BChl awere arranged in the
order of increasing values and the sequence of solvents obtained in
this way was used as a reference set. The τﬂ values of BChl a
derivatives can then be ordered according to this reference set (Fig. 6).
The ﬂuorescence lifetimes of the free bases show only weak solvent
dependence while those of the Mg-complexes fall into three sub-
ranges: (1) the shortest lifetimes, b3.0 ns, obtained in alcohols, which
are both protic and hexacoordinating, (2) intermediate lifetimes,
found in solvents usually regarded as moderately coordinating, and
(3) the longest lifetimes, N3.7 ns, found in strongly hexacoordinating
but aprotic solvents: Pyr, THF and 1,4-dioxane.
Considering that the excited state lifetime is a very sensitive
indicator of porphyrin planarity [63,64], the effects of solvents on the
S1 state lifetime of BChl derivatives can be rationalized assuming that
two major effects govern the relaxation of the pigment singlet excited
state: (i) hydrogen bonding and (ii) conformational changes due to
axial coordination. The excited singlet state lifetimes of the Mg-
complexes are longest in strongly hexacoordinating solvents, see-
mingly due to the in-plane movement of the central Mg and a returnto the planar conformation [40]. Indeed, in the absence of the central
metal only a weak solvent effect on the τﬂ values is observed.
Intermediate τﬂ values were found for BChl a in solvents which are
aprotic and pentacoordinating. In this case, the shortening of
ﬂuorescence lifetime can be attributed to a macrocycle deformation
in the pentacoordinated state (pentacoordination in toluene due to
impurities). In agreement with a previous study [46], a quite
substantial shortening of the ﬂuorescence lifetimes of all pigments
(±Mg) occurs in alcohols. This shows that evenweak H-bonding to the
pigment molecule largely contributes to the relaxation of the excited
states, e.g. by creating an efﬁcient pathway for energy dissipation via
H-bonds. The example of MeOH, in which the quickest relaxation of
the excited states occurs in spite of hexacoordination, shows that the
H-bonding effect dominates over conformational effects. However,
considering that the effect of aliphatic alcohols on the ﬂuorescence
lifetimes of protochlorophyllide a and protochlorophyll a is also much
stronger than the one in Chl a [31,65], it is not clear whether this is the
H-bonding to the C-32 carbonyl which opens an additional efﬁcient
pathway for a non-radiative relaxation of the BChl exited state.
One more effect can be inferred from the present data: a small but
meaningful shortening of the ﬂuorescence lifetime in BChlide a and
Met-BChl a, the truncated derivatives of BChl a, in at least several
solvents (e.g. in chloroform, 2-propanol, acetonitrile and diethy-
lether), that cannot be attributed to the inﬂuence of the side
propionate. In the light of the above considerations, this shortening
of the S1 state lifetime points to a greater ﬂexibility of the macrocycle
in these two molecules in comparison to that of BChl a. A similar
shortening in the excited state lifetime has already been observed in
BChl a transesteriﬁed with serine [48]. The available NMR and
crystallographic data on Chls and their derivatives, which reveal a
variety of steric relations in these molecules, support the notion of a
considerable ﬂexibility of the (B)Chl macrocycle [11,13,14,57,63,66,67].
Conformational changes related to the presence/absence of phytyl are
consistent also with the ground state properties of the BChl a
derivatives. For instance, the lowest energy transition (QY) in BChlide
a is repeatedly by 40–80 cm−1 red-shifted with respect to that in BChl
a. A similar red shift is seen in the absorption spectra of BPheide a
compared to that of BPhe a (see the supplementary data). According
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occur in porphyrins with distorted planarity [11,68].
It might be tempting to relate the drastic shortening of the S1 state
lifetime of the free bases also to the loss of planarity, e.g. due to the
macrocycle deformation resulting from the loss of Mg and intensiﬁed
by repulsive interactions between the core hydrogens [59,66].
However, it is obvious that in free bases there must be several
molecular/structural factors at work, each affecting the pigment
ground and excited states in different ways. Thus, with respect to the
parent BChl a, the removal of Mg itself causes a large (300–430 cm−1)
blue shift of the QY transition (no such shift seen in pheophytin a with
respect to Chl a) whereas red shifts in the spectra of non-phytylated
pigment are not correlated with any further shortening of the S1 state
lifetime.
Nevertheless, it becomes apparent from the present study that
already the chelation of a relatively small-sized Mg2+ ion (ionic radius
0.71 Å [26]) has a ﬂattening effect on the macrocycle. This is in line
with the results of crystallographic studies on methyl esters of
pheophorbide a and BPheide a, showing a considerable rufﬂing of the
macrocycle in the absence of the central metal, most prominently seen
at ring IV. In both cases, a particularly large displacement is
experienced by C-17, displaced by as much as 0.22 Å above the
plane deﬁned by the N-4, C-16 and C-19 atoms [66,67]. This is also in
agreement with the results of NMR measurements which revealed a
considerable distortion of the ring IV and the occurrence of repulsive
interactions between ring V and the propionic acid side chain [59,60].
Epimerization at C-132 causes a further enhancement of the steric
interactions at C-17 and bulky substitutes of ring V, resulting in
macrocycle puckering [59]. This is consistent with our recent study
showing aweakened binding of a second axial ligand to the central Mg
in R-diastereoisomeric BChl a [24]. The rufﬂing of the BPhe a
macrocycle is also evidenced by resonance Raman studies, both on
the free and the protein-bound pigment [69,70]. Apparently, the steric
strain at ring IV and repulsive interactions with ring V substituents are
transmitted to the entire macrocycle, causing a deviation from
planarity. The present results lead to the conclusion that phytyl
residue at the C-173 position is able to partly counterbalance these
distortive interactions around rings IV and V, and lock the macrocycle
conformation.
4.5. Implications for the functioning of chlorophylls in photosynthesis
The strategy of attaching a large hydrophobic residue at the
periphery of the tetrapyrrolic macrocycle in chlorophylls contrasts
with the one adopted by hem in hemoproteins, whose functioning
relies on a considerable ﬂexibility of the hem macrocycle and a
relative ease of the central Fe to undergo in- and out-of-plane
movements due to the axial coordination of amino acids or small
signal molecules [71,72]. Thus, the movements of the central Fe ought
not to be hindered by intramolecular steric interactions/strains. The
inﬂuence of phytyl residue on the (B)Chl macrocycle may provide an
answer to the question as to why the combination of tetrapyrrolic
macrocycles with this speciﬁc residue is particularly advantageous for
the functioning of photosynthetic pigment-proteins. As mentioned
above, the most apparent effect of this combination is increased
hydrophobicity. In this context, the length of the phytyl chain (16
carbon atoms) seems optimal for interactions with transmembraneα-
helical fragments of photosynthetic polypeptides [66,73–75]. The
present study reveals the occurrence of additional, rather unexpected,
effects, which seem to have an impact on the ﬁne tuning of Chls in
photosynthetic proteins. It seems that the double bond between the
C-2 and C-3 atoms in phytyl (and geranylgeranyl in some BChls)
moiety is necessary to maintain this steric crowding at the periphery
of rings IV and V. On the other hand, also the ﬂexibility of this moiety
seems crucial for both the stability and functioning of bacterial and
plant pigment–protein complexes, as shown in studies on geneticallyengineered strains of photosynthetic organisms with inhibited
conversion of geranylgeranyl into phytyl [76,77]. Another such
consequence of phytol attachment is the stabilization of the
chromophore conformation. In fact, there is considerable variability
in the conformations adopted by Chls to ﬁt their binding sites within
photosynthetic proteins, as inferred from crystal structures, spectro-
scopic and theoretical studies [11,13,14,57,63,66,67]. Seemingly, the
protein environment can greatly inﬂuence the shape of the cofactors
by imposing on them severe geometrical restrictions [15–19,21].
However, too large distortions from planarity may have negative
consequences for the functioning of Chls. Firstly, it could lead to
undesirable shifts in the absorption/emission bands and a shortening
of the lowest excited state lifetime of the chromophore. According to
the Förster model of energy transfer, the efﬁciency of light harvesting
and energy transfer between the photosynthetic complexes critically
depends on these parameters [78]. Also, in arrays of strongly
interacting chromophores even slight molecular distortions might
be of key signiﬁcance for energy transfer and photoprotection which
occur via a short range Dexter mechanism or even more likely via
exciton relaxation [79–81]. Secondly, more substantial deviations
from planarity may lead to a loss of the conjugation of carbonyl π-
electrons with the tetrapyrrole π-electron system. This in turn would
limit the feasibility of crucially important spectral and redox tuning of
the photosynthetic cofactors via H-bond formation to speciﬁc amino
acid residues. Furthermore, macrocycle rigidity is of particular
importance to the functioning of special pair BChls in bacterial
reaction centers, where a strict control of redox potential of the
primary electron donor is essential [82].
5. Conclusions
The ﬁndings of our studies can be summarized as follows. The
central Mg2+ ion has practically no inﬂuence on solvatochromism of
Chls. Its chelation in the core of the macrocycle contributes to the
preservation of planar conformation of the pigment molecule. Upon
the removal of phytyl, the C-173 side propionate may act as an
intramolecular chelator of the central Mg2+ ion, stabilizing it in
pentacoordinated state. Probably for this reason, in most Chls this side
chain is always esteriﬁed whereas in Chl c it undergoes desaturation
to prevent such intramolecular chelation.
Phytol per se, in spite of its size and hydrophobicity, does not directly
inﬂuence the solvatochromic and coordinative properties of chloro-
phylls. This permits a good coupling between the chromophore and its
ﬁrst solvation shell, and evens out the probabilities of ligand binding to
both faces of themacrocycle. However, there are several indications that
phytyl affects other properties of the pigment, such as conﬁguration
interactions, interactions of H-bond donors with core hydrogens in free
bases, and excited state properties. These effects are consistent with
occurrence of steric interactions between this bulky residue and the
periphery of themacrocycle. This steric strain, in turn, contributes to the
stabilization of Chl conformation and for this reason the presence of
phytyl seems to be required for the ﬁne tuning of the pigment by
apoproteins. This implies that truncated chlorophylls, often for simplicity
used in theoretical studies, are not adequate as models of native
chromophores, especiallywhenﬁne effects are to bemodeled. Therefore,
the large residue esterifying the propionic acid side chain in chlorophylls
cannot be omitted in theoretical calculations because important points
originating from steric interactions between this residue and the
macrocycle might be missed. The effects of this moiety on Chl may
seem minor but they clearly bear on spectroscopic observables.
Acknowledgements
The projectwas supported byGrants COST/19/2007 (toG.S. and L.F.)
and PB 1505/P01/2007/32 (to L.F.), from the Polish Ministry of Science
and Higher Education.
1499L. Fiedor et al. / Biochimica et Biophysica Acta 1777 (2008) 1491–1500Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbabio.2008.09.005.
References
[1] R. Willstätter, A. Stoll, Untersuchungen über Chlorophyll, Verlag von Julius
Springer, Berlin, 1913.
[2] R.B. Woodward,W.A. Ayer, J.M. Beaton, F. Bickelhaupt, R. Bonnett, P. Buchschacher,
G.L. Closs, H. Dutler, J. Hannah, F.P. Hauck, S. Ito, A. Langemann, E. Le Goff, W.
Leimgruber, W. Lwowski, J. Sauer, Z. Valenta, H. Volz, The total synthesis of
chlorophyll, J. Am. Chem. Soc. 82 (1960) 3800–3802.
[3] L.P. Vernon, G.R. Seely (Eds.), The Chlorophylls, Academic Press, New York, 1966.
[4] H. Scheer (Ed.), Chlorophylls, CRC Press, Boca Raton, 1991.
[5] R.E. Fenna, B.W. Matthews, Chlorophyll arrangement in a bacteriochlorophyll
protein from Chlorobium limicola, Nature 258 (1975) 573–577.
[6] J.J. Katz, L.L. Shipman, T.M. Cotton, T.J. Janson, Chlorophyll aggregation: coordina-
tion interactions in chlorophyll monomers, dimers, and oligomers, in: D. Dolphin
(Ed.), The Porphyrins, vol. 5, Academic Press, New York, 1978, pp. 401–458.
[7] J. Eccles, B. Honig, Charged amino acids as spectroscopic determinants for
chlorophyll in vivo, Proc. Natl. Acad. Sci. USA 80 (1983) 4959–4962.
[8] A. Scherz, W.W. Parson, Exciton interactions in dimers of bacteriochlorophyll and
related molecules, Biochim. Biophys. Acta 766 (1984) 666–678.
[9] G.J.S. Fowler, R.W. Visschers, G.G. Grief, R. van Grondelle, C.N. Hunter, Genetically
modiﬁed photosynthetic antenna complexes with blueshifted absorbance bands,
Nature 355 (1992) 848–850.
[10] D. Spiedel, A.W. Roszak, K. McKendrick, K.E. McAuley, P.K. Fyfe, E. Nabedryk, J.
Breton, B. Robert, R.J. Cogdell, N.W. Isaacs, M.R. Jones, Tuning of the optical and
electrochemical properties of the primary donor bacteriochlorophylls in the
reaction centre from Rhodobacter sphaeroides: spectroscopy and structure,
Biochim. Biophys. Acta 1554 (2002) 75–93.
[11] E. Gudowska-Nowak, M.D. Newton, J. Fajer, Conformational and environmental
effects on bacteriochlorophyll optical spectra: correlations of calculated spectra
with structural results, J. Phys. Chem. 94 (1990) 5795–5801.
[12] L.K. Hanson, Molecular orbital theory of monomer pigments, in: H. Scheer (Ed.),
Chlorophylls, CRC Press, Boca Raton, 1991, pp. 993–1012.
[13] K. Lapouge, A. Näveke, A. Gall, A. Ivancich, J. Seguin, H. Scheer, J.N. Sturgis, T.A.
Mattioli, B. Robert, Conformation of bacteriochlorophyll molecules in photosyn-
thetic proteins from purple bacteria, Biochemistry 38 (1999) 11115–11121.
[14] R.J. Cogdell, T.D. Howard, N.W. Isaacs, K. McLuskey, A.T. Gardiner, Structural factors
which control the position of the Qy absorption band of bacteriochlorophyll a in
purple bacterial antenna complexes, Photosynth. Res. 74 (2002) 135–141.
[15] J. Deisenhofer, O. Epp, R. Miki, R. Huber, H. Michel, Structure of the protein
subunits in the photosynthetic reaction centre of Rhodopseudomonas viridis at 3 A
resolution, Nature 318 (1985) 618–624.
[16] J.P. Allen, G. Feher, T.O. Yeates, H. Komiya, D.C. Rees, Structure of the reaction
center from Rhodobacter sphaeroides R-26: the cofactors, Proc. Natl. Acad. Sci. USA
84 (1987) 5730–5734.
[17] G. McDermott, S.M. Prince, A.A. Freer, A.M. Hawthornthwaite-Lawless, M.Z. Papiz,
R.J. Cogdell, N.W. Isaacs, Crystal structure of an integral membrane light-
harvesting complex from photosynthetic bacteria, Nature 374 (1995) 517–521.
[18] J. Koepke, X. Hu, C. Muenke, K. Schulten, H. Michel, The crystal structure of the
light-harvesting complex II (B800-850) from Rhodospirillum molischianum,
Structure 4 (1996) 581–597.
[19] P. Jordan, P. Fromme, H.T.Witt, O. Klukas,W. Saenger, N. Krauß, Three-dimensional
structure of cyanobacterial photosystem I at 2.5A resolution, Nature 411 (2001)
909–917.
[20] Z. Liu, H. Yan, K. Wang, T. Kuang, Z. Jiping, L. Gui, X. An, W. Chang, Crystal structure
of spinach major light-harvesting complex at 2.72A resolution, Nature 428 (2004)
287–292.
[21] B. Loll, J. Kern, W. Saenger, A. Zouni, J. Biesiadka, Towards complete cofactor
arrangement in the 3.0 A resolution structure of photosystem II, Nature 438
(2005) 1040–1044.
[22] T. Oba, H. Furukawa, Z.Y. Wang, T. Nozawa, M. Mimuro, H. Tamiaki, T. Watanabe,
Supramolecular structures of the chlorophyll a′ aggregate and the origin of the
diastereoselective separation of chlorophyll a and a′, J. Phys. Chem. 102 (1998)
7882–7889.
[23] A. Agostiano, L. Catucci, G. Colafemmina, H. Scheer, Role of functional groups and
surfactant charge in regulating chlorophyll aggregation in micellar solutions,
J. Phys. Chem. B 106 (2002) 1446–1454.
[24] A. Kania, L. Fiedor, Steric control of bacteriochlorophyll ligation, J. Am. Chem. Soc.
128 (2006) 454–458.
[25] L. Fiedor, V. Rosenbach-Belkin, A. Scherz, The stereospeciﬁc interaction between
chlorophylls and chlorophyllase. Possible implication for chlorophyll biosynthesis
and degradation, J. Biol. Chem. 267 (1992) 22043–22047.
[26] A.A. Cotton, G. Wilkinson, Advanced inorganic chemistry, 5th ed., John Wiley &
Sons, Inc., NewYork, 1988.
[27] G. Hartwich, L. Fiedor, I. Simonin, E. Cmiel, W. Schäfer, D. Noy, A. Scherz, H. Scheer,
Metal-substituted bacteriochlorophylls. 1. Preparation and inﬂuence of metal and
coordination on spectra, J. Am. Chem. Soc. 120 (1998) 3675–3683.
[28] R.H. Clarke, H.A. Frank, Investigation of the effect of metal substitution on the
triplet state of chlorophyll by optically detected zero-ﬁeld magnetic resonance,
Chem. Phys. Lett. 51 (1977) 13–17.[29] A. Drzewiecka-Matuszek, A. Skalna, A. Karocki, G. Stochel, L. Fiedor, Effects of
heavy central metal on the ground and excited states of chlorophyll, J. Biol. Inorg.
Chem. 10 (2005) 453–462.
[30] L. Fiedor, Hexacoordination of bacteriochlorophyll in photosynthetic antenna LH1,
Biochemistry 45 (2006) 1910–1918.
[31] L. Fiedor, M. Stąsiek, B. Myśliwa-Kurdziel, K. Strzałka, Phytol as one of the
determinants of chlorophyll interactions in solution, Photosynth. Res. 78 (2003)
47–57.
[32] J. Deisenhofer, O. Epp, I. Sinning, H. Michel, Crystallographic reﬁnement at 2.3 A
resolution and reﬁned model of the photosynthetic reaction centre from Rho-
dopseudomonas viridis, J. Mol. Biol. 246 (1995) 429–457.
[33] R. Yerushalmi, D. Noy, K.K. Baldridge, A. Scherz, Mutual control of axial and
equatorial ligands: model studies with [Ni]-bacteriochlorophyll-a, J. Am. Chem.
Soc. 124 (2002) 8406–8415.
[34] K.R. Shelly, E.C. Golovich, W.F. Beck, Intermolecular vibrational coherence in
bacteriochlorophyll a with clustered polar solvent molecules, J. Phys. Chem. B 110
(2006) 20586–20595.
[35] T. Omata, N. Murata, Preparation of chlorophyll a, chlorophyll b and bacterio-
chlorophyll a by column chromatography with DEAE-Sepharose CL-6B and
Sepharose CL-6B, Plant Cell Physiol. 24 (1983) 1093–1100.
[36] B. Myśliwa-Kurdziel, F. Franck, K. Strzałka, Analysis of ﬂuorescence lifetime of
protochlorophyllide and chlorophyllide in isolated etioplast membrane from
multifriquency cross-correlation ﬂuorometry, Photochem. Photobiol. 70 (1999)
616–623.
[37] J.R. Lakowicz, E. Gratton, G. Laczko, H. Cherek, M. Limkeman, Analysis of
ﬂuorescence decay kinetics from variable-frequency phase shift and modulation
data, Biophys. J. 46 (1984) 463–477.
[38] E. Gratton, D.M. Jameson, R.D. Hall, Multifrequency phase and modulation
ﬂuorometry, Annu. Rev. Biophys. Bioeng. 13 (1984) 105–124.
[39] A. Wanat, J. Gdula-Argasinska, D. Rutkowska-Zbik, M. Witko, G. Stochel, R. van
Eldik, Nitrite binding to metmyoglobin and methemoglobin in comparison to
nitric oxide binding, J. Biol. Inorg. Chem. 7 (2002) 165–176.
[40] P.M. Callahan, T.M. Cotton, Assignment of bacteriochlorophyll a ligation state
from absorption and resonance Raman spectra, J. Am. Chem. Soc. 109 (1987)
7001–7007.
[41] L. Limantara, S. Sakamoto, Y. Koyama, H. Nagae, Effects of nonpolar and polar
solvents on the Qx and QY energies of bacteriochlorophyll a and bacteriopheo-
phytin a, Photochem. Photobiol. 65 (1997) 330–337.
[42] M. Umetsu, Z.-Y. Wang, K. Yoza, M. Kobayashi, T. Nozawa, Interaction of
photosynthetic pigments with various organic solvents 2. Application of magnetic
circular dichroism to bacteriochlorophyll a and light-harvesting complex 1,
Biochim. Biophys. Acta 1457 (2000) 106–117.
[43] L. Onsager, Electric moments of molecules in liquids, J. Am. Chem. Soc. 58 (1936)
1486–1493.
[44] N.S. Bayliss, E.G. McRae, Solvent effects in the spectra of acetone, crotonaldehyde,
nitromethane and nitrobenzene, J. Phys. Chem. 58 (1954) 1006–1011.
[45] B. Myśliwa-Kurdziel, J. Kruk, K. Strzałka, Fluorescence lifetimes and spectral
properties of protochlorophyllide in organic solvents and their relations to the
respective parameters in vivo, Photochem. Photobiol. 79 (2004) 62–67.
[46] J.S. Connolly, E.B. Samuel, A.F. Janzen, Effects of solvent on the ﬂuorescence
properties of bacteriochlorophyll a, Photochem. Photobiol. 36 (1982) 565–574.
[47] K. Teuchner, H. Stiel, D. Leupold, A. Scherz, D. Noy, I. Simonin, G. Hartwich, H.
Scheer, Fluorescence and the excited state absorption in modiﬁed pigments of
bacterial photosynthesis. A comparative study of metal-substituted bacterio-
chlorophylls a, J. Lumin. 72–74 (1997) 612–614.
[48] I. Eichwurzel, H. Stiel, K. Teuchner, D. Leupold, H. Scheer, Y. Salomon, A. Scherz,
Photophysical consequences of coupling bacteriochlorophyll a with serine and its
resulting solubility in water, Photochem. Photobiol. 72 (2000) 204–209.
[49] P.H. Hynninen, S. Lötjönen, Steric interaction between the peripheral substituents
of 10(S)-chlorophyll derivatives and its conformational consequences: a proton
magnetic resonance study, Magn. Reson. Chem. 23 (1985) 605–615.
[50] S. Lötjönen, T.J. Michalski, J.R. Norris, P.H. Hynninen, High-ﬁeld proton NMR study
of the liquid solution structure of monomeric bacteriochlorophyll a and
chlorophyll a, Magn. Res. Chem. 25 (1987) 670–674.
[51] V. Iancu, S.-W. Hla, Realization of a four-step molecular switch in scanning
tunneling microscope manipulation of single chlorophyll-a molecules, Proc. Nat.
Acad. Sci. USA 103 (2006) 13718–13721.
[52] Ł. Orzeł, L. Fiedor, M. Wolak, A. Kania, R. van Eldik, G. Stochel, Interplay between
acetate ions, the peripheral groups, and the reactivitiy of the core nitrogens in
transmetalation of tetrapyrroles, Chem. Eur. J. 14 (2008) 9419–9430.
[53] M. Bixon, J. Jortner, M.E. Michel-Beyerle, A. Ogrodnik, A superexchange
mechanism for the primary charge separation in photosynthetic reaction centers,
Biochim. Biophys. Acta 977 (1989) 273–286.
[54] S. Krawczyk, The effects of hydrogen bonding and coordination interaction in
visible absorption and vibrational spectra of chlorophyll a, Biochim. Biophys. Acta
976 (1989) 140–149.
[55] B. Robert, M. Lutz, Structures of antenna complexes of several Rhodospirillales
from their resonance Raman spectra, Biochim. Biophys. Acta 807 (1985) 10–23.
[56] P.H. Hynninen, S. Lötjönen, Hydrogen bonding of water to chlorophyll a and its
derivativs as detected by 1H-NMR spectroscopy, Biochim. Biophys. Acta 1183
(1993) 381–387.
[57] L.K. Hanson, Theoretical calculations of photosynthetic pigments, Photochem.
Photobiol. 47 (1988) 903–921.
[58] H. Nagae, M. Kuki, R.J. Cogdell, Y. Koyama, Shifts of the 1Ag– – 1Bu+ electronic
absorption of carotenoids in non-polar and polar solvents, J. Chem. Phys. 101
(1994) 6750–6765.
1500 L. Fiedor et al. / Biochimica et Biophysica Acta 1777 (2008) 1491–1500[59] P.H. Hynninen, G. Sievers, Conformations of chlorophylls a and a′ and their
magnesium-free derivatives as revealed by circular dichroism and proton
magnetic resonance, Z. Naturforsch. 36b (1981) 1000–1009.
[60] K.M. Smith, D.A. Goff, R.J. Abraham, NMR spectra of porphyrins. 29. Conformation
of the propionic ester side chain in chlorophyll derivatives, J. Org. Chem. 52 (1987)
176–180.
[61] M. Gouterman, Optical spectra and electronic structure of porphyrins and related
rings, in: D. Dolphin (Ed.), The Porphyrins, vol. III, Academic Press, Inc, New York,
1978, pp. 1–165.
[62] A. Singh, L.W. Johnson, Planarity of metal chlorins in n-octane solution,
Spectrochim. Acta 58 (2002) 1573–1576.
[63] M.O. Senge, The conformational ﬂexibility of tetrapyrroles – current model
studies and photobiological relevance, J. Photochem. Photobiol. B 16 (1992)
3–36.
[64] S. Gentemann, N.Y. Nelson, L. Jaquinod, D.J. Nurco, S.H. Leung, C.J. Medforth, K.M.
Smith, J. Fajer, D. Holten, Variations and temperature dependence of the excited
state properties of conformationally and electronically perturbed zinc and free
base porphyrins, J. Phys. Chem. B 101 (1997) 1247–1254.
[65] B. Myśliwa-Kurdziel, K. Solymosi, J. Kruk, B. Böddi, K. Strzałka, Solvent effects on
ﬂuorescence properties of protochlorophyll and its derivatives with various
porphyrin side chains, Eur. Biophys. J. 37 (2008) 1185–1193.
[66] M.S. Fischer, D.H. Templeton, A. Zalkin, M. Calvin, Crystal and molecular structure
of methyl pheophorbide with applications to the chlorophyll arrangement in
photosynthetic lamellae, J. Am. Chem. Soc. 94 (1972) 3613–3619.
[67] K.M. Barkigia, D.S. Gottfried, A new crystal form of methyl bacteriopheophorbide
a, Acta Cryst. C 50 (1994) 2069–2072.
[68] A.B.J. Parusel, T. Wondimagegn, A. Ghosh, Do nonplanar porphyrins have red-
shifted electronic spectra? A DFT/SCI study and reinvestigation of a recent
proposal, J. Am. Chem. Soc. 122 (2000) 6371–6374.
[69] Y. Koyama, L. Limantara, Effects of singlet and triplet excitation, oxidation and
axial coordination on the bond orders in the macrocycle of bacteriochlorophyll a
as revealed by resonance Raman spectroscopy, Spectrochim. Acta A 54 (1998)
1127–1139.
[70] J.M. Peloquin, C.A. Violette, H.A. Frank, D.F. Bocian, Temperature-dependent
conformational changes in the bacteriopheophytins of Rhodobacter sphaeroides
reaction centers, Biochemistry 29 (1990) 4892–4898.[71] G. Fermi, M.F. Perutz, R.G. Shulman, Iron distances in hemoglobin: comparison of
x-ray crystallographic and extended x-ray absorption ﬁne structure studies, Proc.
Nat. Acad. Sci. USA 84 (1987) 6167–6168.
[72] L.E. Laverman, A. Wanat, J. Oszajca, G. Stochel, P.C. Ford, R. van Eldik, Mechanistic
studies on the reversible binding of nitric oxide to metmyoglobin, J. Am. Chem.
Soc. 123 (2001) 285–293.
[73] K. Ballschmiter, J.J. Katz, An infrared study of chlorophyll-chlorophyll and
chlorophyll-water interactions, J. Am. Chem. Soc. 91 (1969) 2661–2677.
[74] P. Qian, H.A. Addlesee, A.V. Ruban, P. Wang, P.A. Bullough, A reaction center-light-
harvesting 1 complex (RC-LH1) from a Rhodospirillum rubrummutant with altered
esterifying pigments, J. Biol. Chem. 278 (2003) 23678–23685.
[75] P. Braun, L. Fiedor, Design and assembly of functional light harvesting complexes,
in: C.N. Hunter (Ed.), Purple Photosynthetic Bacteria, Springer, 2008, p. in press.
[76] D.W. Bollivar, S. Wang, J.P. Allen, C.E. Bauer, Molecular genetic analysis of terminal
steps in bacteriochlorophyll a biosynthesis: characterization of a Rhodobacter
capsulatus strain that synthesizes geranylgeraniol-steriﬁed bacterochlorophyll a,
Biochemistry 33 (1994) 12763–12768.
[77] A.V. Shpilyov, V.V. Zinchenko, S.V. Shestakov, B. Grimm, H. Lokstein, Inactivation of
the geranylgeranyl reductase (ChlP) gene in the cyanobacterium Synechocystis sp.
PCC 6803, Biochim. Biophys. Acta 1706 (2005) 195–203.
[78] T. Förster, Zwischenmolekulare Energiewanderung und Fluoreszenz, Ann. Phys.
437 (1948) 55–75.
[79] S. Tretiak, C. Middleton, V. Chernyak, S. Mukamel, Bacteriochlorophyll and
carotenoid excitonic couplings in the LH2 system of purple bacteria, J. Phys. Chem.
B 104 (2000) 9540–9553.
[80] L. Fiedor, D. Leupold, K. Teuchner, B. Voigt, C.N. Hunter, A. Scherz, H. Scheer,
Excitation trap approach to analyze size and pigment–pigment coupling:
reconstitution of LH1 antenna of Rhodobacter sphaeroides with Ni-substituted
bacteriochlorophyll, Biochemistry 40 (2001) 3737–3747.
[81] A.A. Pascal, Z. Liu, K. Broess, B. van Oort, H. van Amerongen, C. Wang, P. Horton, B.
Robert, W. Chang, A. Ruban, Molecular basis of photoprotection and control of
photosynthetic light-harvesting, Nature 436 (2005) 134–137.
[82] H. Treutlein, K. Schulten, A.T. Brünger, M. Karplus, J. Deisenhofer, H. Michel,
Chromophore–protein interactions and the function of the photosynthetic
reaction center: A molecular dynamics study, Proc. Natl. Acad. Sci. USA 89
(1992) 75–79.
